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DESIGN C R I T E R I A  FOR LIGHTLY LOADED INFLATED 
STRUCTURES I N  A NEAR-PLANETARY ATMOSPHERE 

By Peter G. N iede re r  
A s t r o  Research C o r p o r a t i o n  

SUMMARY 

A r equ i r emen t  ex i s t s  t o  erect  s t r u c t u r e s  i n  s p a c e  which a r e  
t o o  bu lky  t o  be t r a n s p o r t e d  t o  t h e i r  o p e r a t i n g  environment  i n  
t h e i r  f u l l  s i z e .  The problem can be so lved  by  i n f l a t i n g  a l i g h t l y  
loaded  membrane, and t h e  s i m p l e s t  s o l u t i o n  i s  o f f e r e d  by c a r r y i n g  
a p r e s s u r i z a t i o n  medium d i r e c t l y  w i t h i n  t h e  s t r u c t u r e .  The d i f -  
f e r e n c e  of s t a t e  o f  t h i s  medium between t h e  packed c o n d i t i o n  a t  
t h e  l a u n c h i n g  s i t e  and t h e  deployed c o n d i t i o n  i n  t h e  o p e r a t i n g  
environment  can  be used t o  deploy t h e  body and t h e n  t o  r i q i d i z e  
it t o  perform a g iven  t a s k .  Two n e a r - e a r t h  environments  and one  
n e a r  Mars a r e  chosen f o r  c l o s e r  i n v e s t i g a t i o n .  An exact knowledge 
i s  r e q u i r e d  o f  t h e  e q u i l i b r i u m  t empera tu re  a body a t t a i n s  due t o  
v a r i o u s  r a d i a t i v e  s o u r c e s  i n  s r a c e .  Temperature  can  be r e g u l a t e d  
t o  a d e s i r e d  leve l  by t h e  a p p r o p r i a t e  c h o i c e  of t h e  s o l a r  absorp-  
t i v i t y  and e m i s s i v i t y  o f  t h e  body s u r f a c e .  Var ious  p r e s s u r i z a t i o n  
s u b s t a n c e s  are  examined and a n  i n v e s t i g a t i o n  i s  made r e g a r d i n g  
t h e i r  a b i l i t i e s  t o  deve lop  a c e r t a i n  p r e s s u r e  by v a r y i n g  t h e  
q u a n t i t y  used t o  i n f l a t e  a given volume. An a n a l y s i s  i s  m a d e  t o  
minimize t h e  \:e aght o f  an  i n f l a t e d  body f o r  a g i v e n  l o a d  c a r r y i n g  
t a s k .  The whole t h e o r y  is exempl i f i ed  by i t s  a p p l i c a t i o n  t o  t h e  
b r a c i n g  sys tem of an X-brace Stokes  f low d e c e l e r a t o r  a s  d e s c r i b e d  
i n  Repor t  ARC-R-236 ( r e f .  8 ) .  
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INTRODUCTION 

S t r u c t u r e s  used i n  s p a c e  a r e  o f t e n  too bulky  t o  be t r a n s -  
p o r t e d  i n  t h e i r  f u l l  s i z e  t o  t h e i r  o p e r a t i n g  environment .  They 
have t o  be f o l d e d  o r  d isassembled  i n  o r d e r  t o  be packaged i n t o  a 
t r a n s p o r t i n g  v e h i c l e .  Correspondingly ,  t h e y  have t o  be unfo lded  
o r  assembled a f t e r  t h e i r  a r r i v a l  a t  t h e  o p e r a t i n g  p o i n t  i n  space .  
The g e n e r a l  r equ i r emen t s  govern ing  t h e  d e s i g n  of such s t r u c t u r e s  
can  be summarized i n t o  t h e  f o l l o w i n g  t h r e e  d e s i g n  goa l s :  

1. Minimum w e i g h t  

2. Minimum packing  volume 

3 .  Simple deployment scheme, i f  p o s s i b l e  s e l f - a c t u a t i n g  

An a t t r a c t i v e  s o l u t i o n  t o  t h e  problem i s  t h e  i n f l a t e d  
s t r u c t u r e  formed by a t h i n  membrane i f  i t s  form i s  s imple  and 
i f  i t s  o p e r a t i o n a l  l o a d s  are s m a l l .  The deployment scheme i s  
s i m p l e s t  i f  t h e  medium p r e s s u r i z i n g  t h e  s t r u c t u r e  i s  carried 
w i t h i n  i t s  e n c l o s u r e .  The d i f f e r e n c e  o f  s t a t e  o f  t h i s  p r e s s u r i z a -  
t i o n  medium between t h e  packaged c o n d i t i o n  a t  t h e  l a u n c h i n g  s i t e  
and i t s  deployed c o n d i t i o n  i n  t h e  o p e r a t i n g  environment  can  be 
used f o r  b o t h  pu rposes ,  i . e . ,  t o  deploy  t h e  s t r u c t u r e  and t h e n  t o  
s t a b i l i z e  i t s  shape as r e c p i r e d  to perferm a . ; i y v 7 e r ,  task. 

There  a r e  numerous a p p l i c a t i o n s  o f  t h i s  sys tem wherever  t h e  
r equ i r emen t s  o f  minimum we igh t  and minimum pack ing  volume are a t  
a premium: beam a n t e n n a s ,  s u p p o r t  f o r  l a r g e  space  s t a t i o n s ,  
t r a n s p o r t a t i o n  v e h i c l e s  on  o t h e r  p l a n e t s  (b l imps ,  i n f l a t e d  a i r -  
c r a f t ) ,  deployment a i d s  f o r  pa rqchu tes  o p e r a t i n g  a t  h i g h  a l t i t u d e s  
o r  f o r  r e e n t r y  d e c e l e r a t i o n  (beams, t o r o i d s ,  s p h e r e s )  and many 
o t h e r s .  

The p r e s e n t  r e p o r t  l i m i t s  i t s  i n v e s t i g a t i o n  t o  a v e r y  s imple  
s t r u c t u r e ,  a s t r a i q h t  c y l i n d r i c a l  column o f  v a r i o u s  a s p e c t  r a t i o s .  
The column i s  assumed t o  c a r r y  a compressive l o a d  P a t  i t s  ends  
which are a p a r t  by t h e  co lumn 's  l e n g t h  L . Three  p o i n t s  i n  t h e  
h i g h e r  a tmosphere o f  t h e  p l a n e t  e a r t h  ( a l t i t u d e s  80 km and 
100 km ) and Mars ( a l t i t u d e  110 km ) are chosen as t h e  
co lumn ' s  o p e r a t i n g  environment.  

2 
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The d e s i g n  problem o f  an  i n f l a t e d  s t r u c t u r e  c a n  be d i v i d e d  
i n t o  t h r e e  main topics.  

1. 

2. 

P r o p e r  i n f l a t i o n  r e q u i r e s  t h e  knowledge of t h e  
t e m p e r a t u r e  a t  which i n f l a t i o n  c a n  t a k e  place. Exposure 
t o  t h e  sun  and t h e  r a d i a t i o n  due t o  t h e  nearby  p l a n e t  
( a lbedo ,  i n f r a - r e d  r a d i a t i o n )  t end  t o  h e a t  t h e  body up, 

which i t s e l f  r a d i a t e s  h e a t  i n t o  i t s  s u r r o u n d i n g  space. 
A s t e a d y  s ta te  o f  h e a t  in -and-output  t o  t h e  body is 
reached  a t  an  equilibrium t e m p e r a t u r e  t o  be de termined  
b e l o w .  I f  t h e  body i s  moving, there is a f u r t h e r  h e a t  
exchange expec ted  i n  t h e  form o f  f o r c e d  convec t ion  from 
t h e  body t o  t h e  sur rounding  atmosphere.  The f o l l o w i n g  
i n v e s t i g a t i o n  shows t h a t  t h e  i n f l u e n c e  of t h i s  f o r c e d  
c o n v e c t i o n  t e r m  is s m a l l ,  it w i l l ,  however, be i n c l u d e d  
f o r  f u r t h e r  c a l c u l a t i o n s .  I t  w i l l  be s e e n  t h a t  t h e  
level  of t h e  d e s i r e d  e q u i l i b r i u m  t e m p e r a t u r e  can  be 
l a r g e l y  r e g u l a t e d  by t h e  p rope r  c h o i c e  of t h e  r a t i o  of 
solar a b s o r p t i v i t y  t o  e m i s s i v i t y  o f  t h e  s u r f a c e  o f  
t h e  beam. 

The c h o i c e  of t h e  p r e s s u r i z a t i o n  medium depends o n  i t s  
a b i l i t y  t o  deve lop  a c e r t a i n  p r e s s u r e  a t  t h e  expected 
e q u i l i b r i u m  t empera tu re .  The v a r i a t i o n  o f  t h e  amount 
of p r e s s u r i z a t i o n  m e d i u m  to  i n f l a t e  a g i v e n  volume i s  
c h a r a c t e r i z e d  by i t s  "packing volume r a t i o " ,  which i s  t h e  
r a t i o  o f  t h e  volume t aken  by t h e  f o l d e d  s t r u c t u r e  ( t o  be 
packaged i n t o  a payload compartment) t o  t h e  f u i i y  de- 
p loyed  volume o f  t h e  s t r u c t u r e .  Var ious  s u i t a b l e  pres- 
s u r i z i n g  media a r e  examined. T h e i r  r ange  o f  a p p l i c a t i o n  
i s  e s t a b l i s h e d  f o r  a proper  s e l f - i n f l a t i o n  o f  t h e  b e a m .  

3 .  I t  i s  r e q u i r e d  t h a t  t h e  g iven  o p e r a t i o n a l  t a s k  of 
t h e  beam be performed wi th  a minimum amount o f  w e i g h t  
of t h e  whole assembly. The minimum w e i g h t  i s  l a r g e l y  
l i m i t e d  by t h e  a v a i l a b i l i t y  o f  a s k i n  mater ia l  of minimum 
p r a c t i c a l  t h i c k n e s s ,  such as a Mylar f i l m .  Stress 
l i m i t a t i o n s  are  a p p a r e n t l y  o n l y  secondary  l i m i t s  t o  t h e  
a p p l i c a t i o n  cons ide red  here .  

T h i s  report  closes w i t h  Appendix E d e s c r i b i n g  an a p p l i c a t i o n  
of t h e  t h e o r y  t o  a h i g h  a l t i t u d e  p a r a c h u t e  ( ref .  8 ) .  I t s  canopy 
is deployed and r i g i d i z e d  by an Y-shaped b r a c i n g  sys tem formed by 
a cross-wise arrangement  of two i n f l a t e d  s l e n d e r  beams. 
p r e s s u r i z a t i o n  o f  t h e s e  b e a m s  is d i s c u s s e d .  

The 
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SYMBOLS 

The Heat  Balance o f  an I n f l a t e d  Beam 

Lm21 
[m21 

Lm23 

[-] 
[s] 

r - i  
L*"J 

t o t a l  s u r f a c e  a r e a  of body 

composi te  a r e a  exposed t o  p l a n e t a r y  
r a d i a t i o n  ( a lbedo ,  i n f r a r e d )  

a s p e c t  r a t i o  

composi te  a r e a  exposed t o  sun r a d i a t i o n  

average  a lbedo  f a c t o r  e x p r e s s i n g  t h e  
r a t i o  o f  r e f l e c t e d  s o l a r  energy  t o  
impinging s o l a r  energy  

s p e c i f i c  h e a t  

h e a t  conduc t ion  c o e f f i c i e n t  

average i n f r a r e d  r a d i a t i v e  f a c t o r  
e x p r e s s i n g  t h e  e m i t t e d  i n f r a r e d  r a d i a -  
t i o n  of  t h e  p l a n e t  a s  a f r a c t i o n  of  t h e  
s o l a r  c o n s t a n t  

f i l m  c o e f f i c i e n t  of  h e a t  t r a n s f e r  

column l e n g t h  

r a d i a t i v e  t r a n s f e r  c o e f f i c i e n t  

s o l a r  c o n s t a n t  ( ave rage )  
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S u b s c r i p t s :  

a 

S 

m 

P 

R 

T 

V 

a b s o l u t e  temper a t u r  e 

t i m e  

beam volume (when i n f l a t e d )  

so 1 ar a b s o r p t i v i t y  

t h i c k n e s s  of s k i n  

e m i s s i v i t y  

d e n s i t y  

Boltzmann c o n s t a n t  

a tmospher ic  t empera tu re  

p r e s s u r i z a t i o n  gas 

s k i n  

The p r e s s u r i z a t i o n  of an  I n f l a t e d  S t r u c t u r e  

r k g l  t o t a l  m a s s  of p r e s s u r i z a t i o n  medium 
L J  
r 1  

I" 1 
r nTTm 1 

L -I 

[OK]  absolute t empera tu re  

[m3 ] volume occupied  by p r e s s u r i z i n g  medium 

packing volume r a t i o  
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S u b s c r i p t s  : 

d 

P 

I *  2 

E 

g = 9.81 

1 
k 

K = -  

P 

r 

w 

A 

P 

6 

deployed c o n d i t i o n  

packed c o n d i t i o n  (at e a r t h ' s  s u r f a c e )  

c o n d i t i o n s  of s t a t e  of  m i x t u r e  

components o f  p r e s s u r i z i n g  medium 
m i x t u r e  

The Minimum Weight o f  t h e  B e a m  
- -  
[-$J modulus of e l a s t i c i t y  

g r a v i t y  c o n s t a n t  ( e a r t h )  [ $1 
s a f e t y  f a c t o r  a g a i n s t  l o c a l  b u c k l i n g  

[m] column l e n g t h  

[.3 compressive l o a d  

i n t e r n a l  column p r e s s u r e  p] 
[m]  column r a d i u s  

[N] t o t a l  we igh t  of co lum 
- -  PI membrane t h i c k n e s s  

[s] d e n s i t y  

- -  [5J hoop stress 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

S ubsc  r i p  t s : 

FI 

S 

A 
1 

A 
2 

F 

H 

h 

Q 

R 

R 
P 

S 

p r e s s u r i z a t i o n  g a s  

s k i n  

Appendix B 

[m2] hea t ed  a r e a  

[m2] r a d i a t o r  area 

shape factor  of r a d i a t i v e  h e a t  t r a n s -  
m i t t e r  of e l emen t  dA w i t h  respect t o  
r a d i a t o r  1 

[km]: [m] 

[km]: [m] 

a l t i t u d e  above p l a n e t ’ s  s u r f a c e  

a l t i t u d e  above f l a t  d i s c  r a d i a t o r  

r I 

[YJ h e a t  f l u x  from A t o  ‘ A  
2 1 

[km]; [m] r a d i u s  o f  d i s c  r a d i a t o r  

[km]; [m] r a d i u s  o f  p l a n e t  

[m] d i s t a n c e  between A and A 
1 a 

[“K] absolute t e m p e r a t u r e  

[ O ]  
angle w i t h  respect t o  normal d i r e c t i o n  
of a r e a  

0 = 4.96.10e8 B o l t n a n n  c o n s t a n t  
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h 

k 

hd Nu = - d k  

c r l  - P  
k P -  r 

R 

Vdlj R e  = - 
d rl 

V 

rl [2] 

Appendix D 

f i l m  c o e f f i c i e n t  of h e a t  t r a n s f e r  

thermal  c o n d u c t i v i t y  

Nus se  It number 

P r a n d t l  number 

g a s  c o n s t a n t  

Reynolds number 

v e l o c i t y  

dynamic v i s c o s i t y  

THE HEAT BALANCE OF AN INFLATED COLUMN 

The H e a t  Balance Equat ion  

A c y l i n d r i c a l  column o f  l e n g t h  4, and r a d i u s  r is  g iven .  
I t  i s  i n f l a t e d  by means of a gaseous medium a t  a p r e s s u r e  P 

g 
and t e m p e r a t u r e  T . The column i t s e l f  i s  formed by a t h i n  

f i l m  which h a s  a t empera tu re  Ts . I ts  o u t e r  s u r f a c e  i s  c h a r a c t -  
e r i z e d  by an e m i s s i v i t y  and a solar  a b s o r p t i v i t y  a . 

The body i s  immersed i n  a r a r e f i e d  atmosphere of t empera tu re  
Ta a t  an a l t i t u d e  H above t h e  p l a n e t ' s  s u r f a c e .  I t  i s  assumed 
t h a t  t h e  beam i s  moving through t h i s  a tmosphere a t  a v e l o c i t y  v . 
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Two h e a t  b a l a n c e  e q u a t i o n s  can be fo rmula t ed  f o r  t h e  s k i n  
and t h e  gaseous  i n t e r i o r  o f  t h e  beam. 
r e c e i v e d  h e a t  c o n t r i b u t i o n s  and o f  t h e  e m i t t e d  h e a t  c o n t r i b u t i o n s  
are equa ted  t o  t h e  cons ide red  p a r t ' s  change i n  h e a t  c a p a c i t y .  

Each t i m e  t h e  sum of t h e  

aSA G + aBSA G G + CESA - BOAT4 
s 2  B 1 2  B S 

(1) 
- 

S - r ( T 4  - T " )  - c ( T s  - T ) - hA(T 
S g g 

dT 
r T4 - .A [ s ';) -t jTs - 'g) = vpgcpg d t  

For  t h e  d e t a i l e d  meaning of t h e  symbols c o n s u l t  t h e  l i s t  
of symbols page 4. 

Equat ion  (1) f o r  t h e  s k i n  shows t h e  f o l l o w i n g  t e r m s  i n  t h e  
same sequence: 

para l le l  sun  r a d i a t i o n  
d i f f u s e  a lbedo  r a d i a t i o n  from t h e  p l a n e t  
( r e f l e c t e d  sun  r a d i a t i o n )  
d i f f u s e  i n f r a r e d  r a d i a t i o n  f r o m  t h e  p l a n e t  
s k i n  r a d i a t i o n  outwards 
r a d i a t i v e  h e z t  exchange betideen t h e  s k i n  and the 
p r e s s u r i z i n g  gas 
c o n v e c t i v e  h e a t  exchange between t h e  s k i n  and t h e  
p r e s s u r i z i n g  gas 
f o r c e d  c o n v e c t i v e  h e a t  exchange w i t h  t h e  atmosphere 
s k i n  h e a t  c a p a c i t y  

The t e r m s  i n  e q u a t i o n  ( 2 )  f o r  t h e  gas r e p r e s e n t :  

- r a d i a t i v e  h e a t  exchange f r o m  s k i n  
- c o n v e c t i v e  h e a t  exchange f r o m  s k i n  
- gas h e a t  c a p a c i t y  

I f  s t e a d y  s t a t e  c o n d i t i o n s  a re  assumed, t h e n  

9 
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dT dT 

d t  d t  - -  s-,g= 0 

I and a c c o r d i n g  t o  e q u a t i o n  ( 2 ) :  

1 
1 

T = T  
S g 

~ 

The whole body, s k i n  and p r e s s u r i z i n g  g a s ,  i s  i s o t h e r m a l .  

Appendix A demonst ra tes  w i t h  a s i m p l e  example, t h a t  t h i s  
s t e a d y  s ta te  t empera tu re  is reached w i t h i n  a s h o r t  t i m e ,  e . g . ,  
b e l o w  one  minute .  

I 
I 
I Equat ion  (1) can now be w r i t t e n  as 

I 
T h i s  e q u a t i o n  h a s  t h e  form 1 

I e + T k = T 4  so + Ta*k = K 
S S 

1 k and K b e i n g  c o n s t a n t s  for a g i v e n  s i t u a t i o n  and 

I 
I 

( 3 )  

b e i n g  t h e  e q u a t i o n  f o r  a t empera tu re  e q u i l i b r i u m  w i t h o u t  t a k i n g  
i n t o  accoun t  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  t e r m .  

I 
I 
I 
I 
I 
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I n p u t  Data 

Three  " t i m e  o f  day" c a s e s  a r e  i n v e s t i g a t e d ,  c h a r a c t e r i z e d  
by t h e  f o l l o w i n g  s i m p l i f i e d  body-planet-sun p o s i t i o n s :  

mo r n i n g  'I column a t  r i g h t  a n g l e s  t o  t h e  s u n - p l a n e t  l i n e  

'I midday 'I column on t h e  sun-p lane t  l i n e ,  and between t h e  
sun and t h e  p l a n e t  

I'm i d n i gh t I' column on t h e  sun-p lane t  l i n e ,  b u t  behind  t h e  
p l a n e t  

The co lumn 's  o r i e n t a t i o n  w i t h  respect t o  t h e  p l a n e t  i s  
g i v e n  by t h r e e  i n v e s t i g a t e d  p o s i t i o n s  which are a t  r i g h t  a n g l e s  
t o  each  o t h e r  for  t h e  t h r e e  cons ide red  dayt ime c a s e s .  
F i g u r e  1 shows: 

" p o s i t i o n  1" column a x i s  p a r a l l e l  p lane t -body l i n e  

" p o s i t i o n  2"  column a x i s  a t  r i g h t  a n g l e  t o  p lane t -body l i n e ,  
and p a r a l l e l  p l ane t - sun  l i n e .  

" p o s i t i o n  3"  column a x i s  a t  r i g h t  a n g l e  to  p lane t -body l i n e ,  
arid a t  right ang le  t o  p l a n e t - s u n  l i n e .  

For t h e  so la r  c o n s t a n t  S an ave rage  v a l u e  i s  t aken .  The 
i n t e n s i t y  of t h e  a lbedo  and i n f r a r e d  r a d i a t i o n  from t h e  p l a n e t  
i s  expres sed  i n  ave rage  f r a c t i o n s  B and E of t h e  s o l a r  r a d i a -  
t i o n ,  acco rd ing  t o  r e f e r e n c e  l, 22  - 105. 

The f a c t o r s  G and G c h a r a c t e r i z e  t h e  t ime-of-day. 

A and AB r e p r e s e n t  t h e  e f f e c t i v e  s u r f a c e  a r e a s  exposed t o  s u n  

r a d i a t i o n  and p l a n e t a r y  r a d i a t i o n  r e s p e c t i v e l y .  They a r e  u s u a l l y  
sums of  s u r f a c e  a r e a  s e c t i o n s  m u l t i p l i e d  by t h e i r  shape  f a c t o r s  
d e s c r i b i n g  t h e  h e a t  exchange between t h e  h e a t  s o u r c e  and t h e  
p a r t i c u l a r  s u r f a c e  area s e c t i o n .  Appendix B g i v e s  a more de-  
t a i l e d  d e r i v a t i o n  o f  A and A fo r  t h e  beam of var ious  as-  

p e c t  r a t i o s  and a t  v a r i o u s  p o s i t i o n s .  

1 a 

S 

B S 

11 



I 
I 
I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

A summary of t h e  parameters  chosen f o r  t h i s  a n a l y s i s  i s  
g i v e n  i n  t a b l e  I. The main parameter  of t h e  problem i s  t h e  
r a t i o  o f  t h e  s o l a r  a b s o r p t i v i t y  t o  t h e  e m i s s i v i t y  F a . For t h e  

program t h e  f o l l o w i n g  s i m p l i f i e d  scheme i s  adopted c o v e r i n g  a 
wide r ange  o f  p o s s i b l e  a/€ = va lues :  

a 0.1 1.0 1.0 
€ 1.0 1.0 0.1 

10 a 0.1 1.0 - 
8 

Whereas a s m a l l  a/€ cor re sponds  t o  a w h i t e - l e a d - l i k e  s u r f a c e ,  
l a r g e  a/€ can  be achieved  u s i n g  m e t a l  s u r f a c e s  o r  s u r f a c e s  w i t h  
o p t i c a l l y  t h i n  c o a t i n g s .  An a/€ = 1.0 r e p r e s e n t s  t h e  c a s e  of 
t h e  i d e a l  b l a c k  body. Appendix C t a b u l a t e s  a c t u a l  d a t a  on a 
and 8 , a s  g i v e n  by t h e  r e f e r e n c e s  6 and 7 .  

The t e m p e r a t u r e  e q u i l i b r i u m  e q u a t i o n  (3A),  due s o l e l y  t o  
r a d i a t i v e  h e a t  t r a n s f e r  t o  and from t h e  body, depends on  s u r f a c e  
a r e a  ra t ios  o n l y .  The i n c l u s i o n ,  however, o f  a t e r m  d e s c r i b i n g  
a h e a t  t r a n s f e r  c o n t r i b u t i o n  due  t o  f o r c e d  convec t ion  ( i n  eq.  ( 3 ) )  
r e q u i r e s  an i n d i c a t i o n  o f  t h e  a b s o l u t e  s i ze  of t h e  body due to  
t h e  dependence of t h e  h e a t  f i l m  c o e f f i c i e n t  h on Reynolds num- 
ber and N u s s e l t  number. Depending o n  t h e  f low c o n d i t i o n s  con- 
s i d e r e d  a column d iame te r  d = l m  o r  a column l e n g t h  & = l m  
i s  assumed and a s p e c t  r a t i o  e f f e c t s  are n e g l e c t e d .  Appendix D 
presents a s h o r t  a n a l y s i s  whicn leads t o  t h e  numer i ca l  v a l u e s  
o f  h used i n  t h i s  r e p o r t  and t a b u l a t e d  i n  table I. 

Swnmary of t h e  R e s u l t s  

The comple te  e q u i l i b r i u m  t empera tu re  a n a l y s i s  h a s  been 
programmed t o  be p rocessed  e l e c t r o n i c a l l y  on a Genera l  E lec t r ic  
GE-235 d i g i t a l  computer u s i n g  t h e  t i m e  s h a r i n g  system. The m o s t  
p rominent  r e s u l t s  a r e  g r a p h i c a l l y  compiled on  t h e  f o l l o w i n g  
f i g u r e s :  

F i g u r e s  2 and 3: V a r i a t i o n  of a s p e c t  r a t i o  fo r  t w o  p o s i t i o n s  
of t h e  column 

F i g u r e s  4 ,  5 and 6: V a r i a t i o n  of t ime-of-day, c o r r e c t i o n  due t o  
t h e  f o r c e d  convec t ion  t e r m  f o r  t h e  t h r e e  

12 
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cases f o r  t h e  e a r t h  and Mars. 

The f o l l o w i n g  g e n e r a l  c o n c l u s i o n s  c a n  be drawn: 

1. The m o s t  i m p o r t a n t  parameter  t h roughou t  t h e  problem i s  a/€ . 
A s  l o n g  as  t h e  sun  can  be used a s  a h e a t  s o u r c e ,  a wide  
r a n g e  o f  possible e q u i l i b r i u m  t e m p e r a t u r e  i s  o f f e r e d  by 
v a r y i n g  a/€ o f  t h e  beam s u r f a c e .  

2. The i n f l u e n c e  of Ai i s  o n l y  s i g n i f i c a n t  f o r  t h e  case when 
the end s u r f a c e s  o f  t h e  beam are comparable  i n  s i z e  t o  t h e  
c y l i n d r i c a l  s u r f a c e .  T h i s  s u g g e s t s  t h a t  t h e  i n f l u e n c e  can  
be n e g l e c t e d  f o r  PR > 20 . 

3 .  The i n f l u e n c e  o f  t h e  f o r c e d  c o n v e c t i o n  t e r m  is  u s u a l l y  
s m a l l  f o r  "midday" cases and. somewhat more pronounced f o r  
"morning" cases. 

4. A comparison o f  t e m p e r a t u r e s  a t  t h e  two i n v e s t i g a t e d  e a r t h  
a l t i t u d e s  shows a s u r p r i s i n g l y  l o w  t e m p e r a t u r e  i n c r e a s e  due 
t o  f o r c e d  c o n v e c t i o n  a t  t h e  l o w e r  a l t i t u d e .  

13 
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C a s e :  
IT Morning cP = - 
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Midnight  cP = IT 
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H 
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Figure 1. D e f i n i t i o n  of t h e  B e a m  P o s i t i o n s  

15  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Case: 
E a r t h  1 0 0  km 
Midday 
P o s i t i o n  1 
Without f o r c e d  conv. 400. 

300.. 

U 

c, 

a, 
k 

c, 
m 
k 
a, 
PI 

E 

0 

2 0 0 .  

5 
5 100 
. r i  

k 
A 
0r-i 

rl 
-4 
7 

Atmospheric Temperature --.-- - J- .- - - . - a  

a / €  = O  

-200  ~ 

0.1 1.0 
R a t i o  of A b s o r p t i v i t y  t o  E m i s s i v i t y  

C ~ / E  

10 

F i g u r e  2 .  Equi l ib r ium Temperatures f o r  an  I n f l a t e d  Colunn: 
PoSlt iOn 1: V a r i a t i o n  of Aspect  R a t i o  
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Case: 
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F i g u r e  3. Equ i l ib r ium Temperatures  f o r  an  I n f l a t e d  Column: 
P o s i t i o n  2: V a r i a t i o n  of  Aspec t  R a t i o  
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C a s e :  
P o s i t i o n  2 
Aspect  R a t i o  R/d = 1 0  

E a r t h  
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m V = 2 5 0  - 
S 

T = 2 1 0 ° K  

0 . 1  1 . 0  1 0  
R a t i o  of A b s o r p t i v i t y  t o  E m i s s i v i t y  C ~ / E  

F i g u r e  4 .  Equ i l ib r ium Temperatures f o r  an I n f l a t e d  Column: 
V a r i a t i o n  of Daytime and I n f l u e n c e  of  Forced 
Convect i o n  Term 
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Case: 
Position 2 
Aspect Ratio R/d = 10 

Earth 
H = 80 km 
V = 8 0 " -  
T = 180'K 

S 

1.0 10 
Ratio of Absorptivity to Emissivity c r / ~  

Equilibrium Temperatures for an Inflated Column: 
Variation of Daytime and Influence of Forced 
Convection T e r m  



+400 

t°C 

+300  

+200 

+ l o o  

-100 

-200  

Case : 
Position 2 
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Figure 6. Equilibrium Temperatures for an Inflated 
Column: Variation of Daytime and Influence 
of Forced Convection Term 
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THE PRESSURIZATION OF AN INFLATED STRUCTURE 

Pack ing  Volume R a t i o  

The i n f l a t i o n  p r e s s u r e  t h a t  can  be o b t a i n e d  depends p r i m a r i l y  

The amount of g a s  used can  c o n v e n i e n t l y  be d e s c r i b e d  
o n  t h e  amount o f  g a s  used  to  i n f l a t e  a g i v e n  volume a t  a g i v e n  
t empera tu re .  
by a p a c k i n g  volume r a t i o ,  i .e. ,  by t h e  r a t i o  between t h e  com-  
p r e s s e d  volume Vp ( a t  e a r t h  s u r f a c e  c o n d i t i o n s )  and t h e  f u l l y  
deployed volume 

vd : 

V 
v =  2 

Vd 
(4) 

Three  k i n d s  of p r e s s u r i z a t i o n  media w i l l  be i n v e s t i g a t e d :  

1. A gas, which expands f o r  beam deployment:  example: 

2, A l i q u i d ,  which v a p o r i z e s  f o r  deployment a c t i o n :  examples: 
f r e o n  11 (trichlorofluoromethane) , methanol ,  l i q u i d  n i t r o g e n  

3 .  A l i q u i d - g a s  m i x t u r e ;  example: f r e o n  11-air, me thano l -a i r .  

B a s i c  assumpt ions :  

- t h e  s u b s t a n c e  i s  packaged a t  l a u n c h i n g  s i t e  a tmospher i c  
c o n d i t i o n s :  760 mmHg/20°C ( e x c e p t  f o r  l i q u i d  n i t r o g e n  
a t  - 196OC): s u b s c r i p t  "p" 

- it is  f u l l y  gaseous  a f t e r  deployment: s u b s c r i p t  I'd" 

A s s u m e  t w o  s u b s t a n c e s ,  c h a r a c t e r i z e d  by s u b s c r i p t s  1 and 2.  
Then 

'd vd = m l R I T d  \ 
(5 )  1 
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and Pd t h e  p a r t i a l  p r e s s u r e s  o f  t h e  component, t h e  d 
With p 

t o t a l  p r e s s u r e  of t h e  mixture  i s  
1 2 

The gas  c o n s t a n t  of t h e  mixture  can be expressed  a s  

R m  + R m  
1 1  - 

R =  a 2  
m + m  
1 2 

o r  w i t h  t h e  i n t r o d u c t i o n  o f  t h e  t o t a l  m a s s  

m = m  + m  
1 2 

W e  de f ine :  

m = a m  

m = (1 - a)m 
2 

R = R ~ + R < ( ~ -  a )  
1 2 

Taking t h e  volumes: 

am (1 - a ) m  v = -  + 
a 

pP P P  
p1 
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Subs tance  

A i r  287 1.20 * 

Liqu id  Ni t rogen  296.8 0.804 l o 3  ** 

Freon 11 60.5 1.494 l o 3  * 

Methanol 259.5 0.793 l o 3  * 

w e  g e t  combined w i t h  equa t ion  (6 )  

(9)  

d I 

I f  o n l y  one component i s  p r k s e n t ,  equa t ion  (9 )  s i m p l i f i e s  t o  

For s p e c i f i c  c a s e s  w i t h  mixtures ,  it h a s  t o  be v e r i f i e d  
t h a t  t h e  p a r t i a l  p r e s s u r e  of  t h e  l i q u i d  component i s  b e l o w  i t s  
s a t u r a t i o n  p r e s s u r e !  

Choice of P r e s s u r i z a t i o n  Subs tances  

F i g u r e  7 shows vapor p r e s s u r e  cu rves  f o r  s o m e  s u b s t a n c e s  
which a r e  l i q u i d  under normal c o n d i t i o n s  a t  t h e  e a r t h ' s  s u r f a c e .  
I t  can be s e e n  t h a t  f r e o n  11 has t h e  l o w e s t  s a t u r a t i o n  l i n e  
a v a i l a b l e .  I t s  l o w  g a s  c o n s t a n t  makes it a r e l a t i v e l y  heavy gas  
a f te r  evapora t ion .  Methanol has  a gas c o n s t a n t  s i m i l a r  t o  t h a t  
f o r  a i r ,  it w i l l  be seen ,  however, t h a t  i t s  h ighe r  vapor p r e s s u r e  
l i n e  l i m i t s  t h e  range  o f  i t s  a p p l i c a b i l i t y .  

Table 2: P r e s s u r i z a t i o n  Substances 

*)  a t  760mmHg 2OoC 
**) a t  760mmHg - 196OC 
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F i g u r e s  8 and 9 show p r e s s u r e  c u r v e s  v e r s u s  t empera tu re  f o r  
t h e  i n v e s t i g a t e d  p u r e  s u b s t a n c e s  i n  t h e i r  deployed c o n d i t i o n .  
They show t h e  f o l l o w i n g  two m o s t  impor t an t  f e a t u r e s :  

1. TT-  v a r i a t i o n  o f  p r e s s u r e  w i t h  t e m p e r a t u r e  i s  of minor import-  

ance  a s  l o n g  as t h e  p r e s s u r i z a t i o n  s u b s t a n c e  is  i n  a p u r e l y  
gaseous  phase  ( a  f a c t o r  2 approximate ly  between - 100°C 
and + 100OC). 

2. Along t h e  s a t u r a t i o n  l i n e ,  hokever ,  t h e  p r e s s u r e  v a r i e s  
s t r o n g l y  w i t h  t e m p e r a t u r e  ( a b o u t  4 o r d e r s  o f  magnitude 
between - 100°C and + 100OC). 

Conclusion 

Any p r a c t i c a l  d e s i g n  o f  a p r e s s u r i z e d  beam should  avoid t h e  
s a t u r a t i o n  l i n e :  

An e r r o r  i n  t empera tu re  h i g h e r  t han  expec ted  might  r e s u l t  
i n  p r e s s u r e s  too h i g h  t o  be con ta ined  by t h e  s k i n .  I f  t h e  
t e m p e r a t u r e  i s  l o w e r  t h a n  expected t h e  beam may n o t  f u l l y  i n f l a t e .  

P r e s s u r e  c u r v e s  for  t h e  mix tu res  f r e o n - a i r  and me thano l -a i r  
are g i v e n  on  f i g u r e  10 f o r  a t empera tu re  O°C . R e s u l t s  i n  
f i g u r e s  8 t o  10  are summarized i n  g i g u r e  11 which show t h e  r ange  
o f  a p p l i c a b i l i t y  o f  t h e  v a r i o u s  p r e s s u r i z a t i o n  s u b s t a n c e s  i n  
t e r m s  of p r e s s u r e  and packing  volume r a t i o .  For  any deployment 
p r e s s u r e  r e q u i r e d  and fo r  any packing  volume r a t i o  a v a i l a b l e ,  a 
s u i t a b l e  p r e s s u r i z i n g  s u b s t a n c e  can  now be chosen f o r  a g iven  
o p e r a t i n g  t empera tu re .  Low packing  volume r a t i o s  c a l l  f o r  l i q u i d s ,  
t h e  m o s t  e f f e c t i v e  of which i s  l i k p i d  n i t r o g e n .  Mix tu res  w i t h  
a i r  a l l o w  f o r  any s e l e c t i o n  of packing  volume provided  enough 
s p a c e  is  a v a i l a b l e  i n  t h e  t r a n s p o r t a t i o n  c o n t a i n e r .  
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M I N I M U M  WEIGHT DESIGN OF INFLATED COLUMNS 

A t h i n  w a l l e d  c y l i n d r i c a l  column of r a d i u s  r , l e n g t h  4 
and w a l l  t h i c k n e s s  A is  cons ide red .  I t  i s  t o  s u p p o r t  a com- 
p r e s s i v e  l o a d  P a t  i t s  ends.  The column i s  i n f l a t e d  t o  a 
p r e s s u r e  p . 

The E u l e r  b u c k l i n g  formula f o r  a p i n  ended column s t a t e s  
t h a t  

i s  t h e  maximum load  w i t h o u t  buck l ing .  P can always be expres sed  
i n  t e r m s  of t h e  i n t e r n a l  column p r e s s u r e  

k i s  a f a c t o r  r a n g i n g  from 0 t o  1 : and k = 1 y i e l d s  t h e  
maximum compressive l o a d  w i t h o u t  compressive ax ia l  stresses i n  
t h e  w a l l .  The hoop stress for a t h i n  w a l l e d  tube  i s  

LE? 
A 

o =  

and 0 i s  c o n s t r a i n e d  by 

for a g iven  s k i n  m a t e r i a l .  

E l i m i n a t i n g  p and r from e q u a t i o n s  (11)" ( 1 2 ) ,  and (13) 
y i e l d s  

P 
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o r  

where (P2/4,') i s  g i v e n  by t h e  o p e r a t i o n a l  r e q u i r e m e n t s  and 
(E /a3A2)  is g iven  by t h e  chosen m a t e r i a l .  Combining 
e q u a t i o n s  (ll), (12), and (13), b u t  e l i m i n a t i n g  P , p and A 
we get: 

PR = -  r 

The v a l u e  

w i t h  t h e  m a x i m u m  k = 1 
able. I t  i s  a p u r e  m a t e r i a l  c o n s t a n t .  An PR smaller  t h a n  AR 

would always i n t r o d u c e  compressive a x i a l  stresses i n t o  t h e  mem- 
b r a n e ,  o r  l o a d  it beyond t h e  maximum allowable stress l i m i t .  

i s  t h e  minimum a s p e c t  r a t i o  e v e r  o b t a i n -  

1 

The we igh t  of the cylindrical p o r t i o n  of t h e  colun-c~ membrane 
and of t h e  p r e s s u r i z a t i o n  g a s  is 

w = g*n 2 r ~ p  + r 2 p  ] 
I s  9 

Equa t ion  (16) can  be expres sed  i n  t e r m s  of t h e  o p e r a t i o n a l  
r e q u i r e m e n t s  P and 4 as f o l l o w s  

or  w i t h  e q u a t i o n  (14) : 
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Equat ion  (17)  s u g g e s t s  a minimum weight  f o r  a column des igned  
for  maximum hoop stress O m a x  . Equat ion  ( 1 8 )  however a p p a r e n t l y  
c la ims t h e  c o n t r a r y  and s u q g e s t s  a column des igned  w i t h  t h e  
minimum a v a i l a b l e  w a l l  t h i c k n e s s  A m i n  . S e l e c t i n g  a f i c t i c i o u s  
c h a r a c t e r i s t i c  number k* based upon e q u a t i o n  (14)  : 

2 1  

3 E 
k*  =’i  R2 urnax Amin 

For k* > 1, minimum weight  i s  o b t a i n e d  by a maximum stress 
d e s i g n ,  a t  k = 1, w i t h  h > Amin . 

For  k* < 1, rninimurn weight  i s  o b t a i n e d  by a minimum t h i c k n e s s  

amax - d e s i g n ,  a t  k = 1, w i t h  o < 

T h i s  f e a t u r e  i s  exempl i f i ed  i n  F i q u r e  1 2 .  

Assume a sample case w i t h  

P = 1 N and a - l m  

and a p r e s s u r i z a t i o n  medium Freori 11 a t  O O C .  The nembrane i s  
assurned t o  b e  a Yy la r  f o i l  w i t h  a d e n s i t y  

and a modulus of e l a s t i c i t y  

(5 .5 -105  p s i )  N 
3 E = 3.795-109 

Mylar has a maxixurn stress p e r m i s s i b l e  

O m a x  ( o r  a E = - = 1%). 
T? u 
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The t h i n n e s t  a v a i l a b l e  Xylar  f o i l  i s  0.25 m i l  litylar w i t h  

'min = 0.635*10-5 m 

S i n c e  

k @ =  0.23*10-2 < 1 ( P o i n t  P on f i g u r e  12) 

t h e  minimum weight  i s  o b t a i n e d  w i t h  a d e s i g n  f o r  rninimum t h i c k -  
n e s s  and a t  K = 1: 

T h e  hoop stress i s  t h e n  f a r  b e l o w i t s  t o l e r a b l e  maximum and 
ai1 i n f l a t i o n  p r e s s u r e  h i g h e r  t han  a n t i c i p a t e d  would n o t  b u r s t  t h e  
membrane. F i g u r e  1 2  shows a n o t h e r  advantage  of  a column des igned  
fo r  minimum t h i c k n e s s .  A s a f e t y  f a c t o r  of  2 (or k = 0.5) a g a i n s t  
t h e  c r i t i c a l  compression l o a d  f o r  l o c a l  buck l ing  r e q u i r e s  less  
t h a n  1 0 %  a d d i t i o n a l  weight  over  t h e  ainimum a t  k = 1. F i g a r e  1 3  
shows t h a t  t h e  minimum packin7 volume r a t i o  c o i n c i d e s  w i t h  t h e  
minimum weight .  With Equat ion ( 1 0 )  t h e  packing volurne can be  
expres sed  as 

The r a d i u s  r i s  g i v e n  by 

The minimum we igh t  c a n  f u r t h e r  be i n f l u e n c e d  by t h e  p r o p e r  
c h o i c e  of the p r e s s u r i z a t i o n  medium w i t h  a gas c o n s t a n t  a s  h igh  
as  p o s s i b l e .  T h i s  f e a t u r e  i s ,  however, of  ininor l a p o r t a n c e .  A t  
t h e  2 o i n t  of ininimux weight  ( F i g u r e  1 2 )  t h e r e  i s  
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F i g u r e  1 2 :  T h e  Minimum Weignt of a P r e s s u r i z e d  Column 
The shaded area i s  t h e  r e g i o n  of p r a c t i c a l  
d e s i g n  of the column, 
(Amin = 0.635.10-5 m) 
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2 p s  = 2.76 .10  3 %  
m 3  

I f  t h e  column i s  des igned  f o r  maximum stress t h e  term O/RT 
might  w e l l  be  of t h e  same o r d e r  of inaqnitude as  2 p s  

CONCLUSIONS 

Design c r i t e r i a  are e s t a b l i s h e d  f o r  t h e  p r o 2 e r  i n f l a t i o n  of 
t h i n  w a l l e d  s t r u c t u r e s  i n  a n e a r  p l a n e t a r y  s p a c i a l  environment .  
E q u i l i b r i u m  t empera tu re  c a l c u l a t i o n s  f o r  two e a r t h  a l t i t u d e s  and 
one for  !vlars show t h a t  t h e  h e a t i n g  up of a s t r u c t u r e  p r i m a r i l y  
depends on t h e  r a t i o  of solar  a b s o r p t i v i t y  t o  e m i s s i v i t y ,  a / €  , 
of i t s  s u r f a c e ,  sun r a d i a t i o n  be ing  t h e  most i m 2 o r t a n t  h e a t  sou rce .  
Heat t r a n s f e r  due t o  f o r c e d  convec t ion ,  c r e a t e d  by t h e  body mov- 
i n g  a t  subson ic  speed through t h e  atmosphere,  i s  n o t i c a b l e  b u t  
g e n e r a l l y  s m a l l  compareu t o  d i r e c t  so la r  r a d i a t i o n .  Temperature 
ex t remes  r ange  from + 3 O O 0 C  (mid-day, e a r t h ,  h igh  a / € )  down t o  
t e m p e r a t u r e s  close t o  t h e  l o c a l  a tmospher ic  v a l u e  - 8 O O C  g e n e r a l l y  
r eached  by t h e  midnight  cases. 

The n u n e r i c a l  example i n  Appendix E of  t h e  d e s i g n  o f  t h e  i n -  
f l a t e d  X-braces o f  a h igh  a l t i t u d e  d e c e l e r a t o r  i l l u s t r a t e s  t h e  
t h e o r y  p r e s e n t e d  i n  t h i s  r e p o r t .  

The c h o i c e  of t h e  2 r e s s u r i z i n g  medium depends l a r g e l y  on t h e  
a v a i l a b l e  packaging volume. 
p h e r i c  p r e s s u r e  i s  l i m i t e d  t o  v e r y  h i g h  packing volume r a t i o s  of  
approx ima te ly  1 0 % .  Lower packing volume r a t i o s  of approximate ly  
0.01’2, a re  p o s s i b l e  by u s i n g  v a p o r i z i n q  l i q u i d s  o r  l i q u i d - a i r  
m i x t u r e s .  T o  avoid  a c c i d e n t a l  o v e r  - D r  under  p r e s s u r i z a t i o n  t h e  
s a t u r a t i o n  l i m i t s  of  t h e  p r e s s u r i z i n g  l i q u i d  shou ld  be avoided.  
RTong t h e  ma te r i a l s  c o n s i d e r e d ,  Freon 11 o f f e r s  t h e  widest r ange  
of a p 2 l i c a b i l i t y .  
p r e s s u r i z e d  colunn i s  iiowever ex.;ected somewhat h e a v i e r  t h a n  
methanol  and s i m i l a r  l i q u i d s .  

The u s e  of  r e s i d u a l  a i r  a t  atmos- 

Due t o  i t s  l o w  g a s  c o n s t a n t  a Freon 11 - 

Weight c o n s i d e r a t i o n s  show t h a t  t h e  l i g h t e s t  co lunns  are  o b t a i n -  
ed  w i t h  t h e  t h i n n e s t  s k i n .  I t  can  be  shown t h a t  t h e  column i s  
g e n e r a l l y  l i g h t e r  when des igned  f o r  minimum s k i n  t h i c k n e s s  t h a n  
f o r  maximum hoo? stress. 
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APPENDIX A 

ESTIMATION OF HEATING RATES 

The question arises in what time a column heats up to the 
estimated temperature equilibrium. 
assumed that the column and its pressurizing gas have the same 
temperature as the surrounding atmosphere. The forced convection 
term of Equation (1) is neglected for this estimation. k further 
simplification is introduced with the assumption that the whole 
structure and its pressurization gas are always isothermal. Then 

A s  initial conditions it is 

dTs dTg 
dt dt 

- -  - -  

Equations (1) and (2) combined give then 

Ts being a function with time between T s  = Ta at t = o up 
to T's + Tso. 

Numerical example: 

Case: "Earth 100 km", midday, position 2 

0. i PR = 200, - a -  - 10 E = 
E 

Ta 210 [ O K ]  Tso = 587 [ O K ]  

Skin: 0.5 mil Mylar A = 1.270-10-5 [m] 

131 P S  = 1.38010~ 
L J  

r 1 

0.25 1% 1 
Gas: Freon 11 

3 8  



r 4 

V , r -  - - -  0 . 0 2 5  [m] i f  t h e  r e f e r e n c e  t u b e  d i ame te r  d = O.lm 
A 2  i s  used  a g a i n .  According t o  P a r t  I11 a maximuin i n t e r n a l  p r e s s u r e  

U A  N 
r pg = - = 87.6.1021 1 (= 1 . 2 7  p s i )  

can be a l lowed,  w i t h  a maximum working stress f o r  t h e  Mylar f o i l :  

c 

L J 

Assuming a f u l l y  deployed vol tme,  which i s  r a p i d l y  reached  
a f t e r  exposure  t o  t h e  r a d i a t i o n ,  t h e  d e n s i t y  i s  

With t h e s e  v a l u e s ,  Equat ion ( 4 )  g e t s  

Th i s  e q u a t i o n  i s  g r a p h i c a l l y  shown i n  F i g u r e  A l .  The e q u i l i b r i u m  
t einper a t u r e  i s  reached  t o  98% a f t e r  o n l y  2 1  seconds 

TSO 

3 9  
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APPENDIX B 

DETERMINATION OF THE RADIATIVE HEAT 
TRANSFER SHAPE FACTORS AND OF THE COMPOSITE 

AREAS AS AND AB 

The g e n e r a l  e q u a t i o n  for t h e  h e a t  exchange between two 
sma l l  black s u r f a c e s  i s  

i 
/ 

dAm i a t o r  

5 cos B1*cos 6, 
d A ,  dA, - ( T 1 4  - T24) 

S 2  71 
d 2 Q  = 

41 



If  it  i s  assumed t h a t  dA, i s  an  area e l e n e n t  o f  t h e  r a d i a -  
t o r ,  t h e n  a l l  t h e  g e o m e t r i c a l  r e l a t i o n s  between dA, and d A 2  
c a n  be  p u t  i n t o  a sha2e f a c t o r  dF of dAl w i t h  r e s p e c t  t o  dA2: 

and Equat ion  ( B - 1 )  becomes 

d 2 Q  = u dF dA, ( T 1 4  - T , ~ )  

I n t e g r a t i n g  dF o v e r  t h e  whole r a d i a t o r  w e  g e t  

F =  dA2 
A2 

( B - 3 )  

( 3 - 4  1 

( B - 5 )  

For t h e  p r e s e n t  purpose  t h e  fo l lowing  assumpt ions  a r e  made f o r  
t h e  r a d i a t o r :  

1. The o v e r a l l  s i z e  of t h e  beam i s  n e g l i g i b l e  compared w i t h  
t h e  s i z e  o f  t h e  r a d i a t i n g  s u r f a c e .  

2 .  The r a d i a t i n g  s u r f a c e  ( p l a n e t )  i s  assuiied t o  be f l a t  and 
c i r c u l a r  i n  shape.  

3. I t s  s i z e  i s  such  t h a t  it o c c u p i e s  t h e  same s p a t i a l  a n g l e  
as  t h e  p l a n e t  when viewed from dA1 . 

4 .  The p o s i t i o n  of dA, i s  ove r  t h e  c e n t e r  of t h e  r a d i a t i n g  
d i s c .  

SHAPE FACTOR F1 (A1 p a r a l l e l  r a d i a t o r )  

It  i s  assumed t h a t  d A l  i s  p a r a l l e l  dA, and h above it: 

4 2  
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3 

RdA1 
ti 

rad ia tor  

cos B,  = h_ 
S 

4 3  

a = o  

COS 8, = 
S 



I 
I 

SHAPE FACTOR F2 ( A 1  normal t o  r a d i a t o r ) .  

(E-6) 

L e t  dA1 be normal t o  t h e  r a d i a t o r  d i s c  and h above it. 
I t  i s  c l e a r  t h a t  one surface 
r a d i a t o r .  

d A l  can  on ly  l ' see"  half of t h e  

44 
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dA, = p d a d p  

S’ = h2 + p 2  

p s i n  a 
cos e ,  = 

S 

0 

h 
cos B 2  = - 

S 
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With t h e  i n t e g r a t i o n  done f o r  Q : 

P 2  
R 

F2 = ‘i TI ( h 2  + p 2 ) 2  hdp 

SIlAPE FACTOR F3 (A1 on a c y l i n d e r  s u r f a c e  wi th  a x i s  p a r a l l e l  
r a d i a t o r ) .  
t o  t h e  r a d i a t o r .  A s u r f a c e  elernent dA1 i s  g iven  w i t h  an ang le  
S a g a i n s t  t h e  v e r t i c a l .  
norinal and p a r a l l e l  t o  t h e  r a d i a t o r .  

Cons ider  a c y l i n d r i c a l  s u r f a c e  w i t h  i t s  a x i s  ; ? a r a l l e l  

I t  can be r ep laced  by i t s  p r o j e c t i o n s  

4 6  



I 

0 

4 7  



R a d i a t i v e  h e a t  r e c e i v e d  by t h e  h o r i z o n t a l  s u r f a c e  e lement  i s  
p r o p o r t i o n a l  t o  F 1 -  ( d A l - s i n b ) ,  and it is  f o r  t h e  v e r t i c a l  e le-  
m e a t  p o r p o r t i o n a l  t o  F2. (dAl . cos6 ) .  Fo r  dA1 i t s e l f  w e  can 

I 
I w r i t e  

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

o r  

F 3 &  = F, s i n 6  +: F, cos6 ( B - 8 )  

Assuming t h a t  o n l y  t h e  lower h a l f  of t h e  c y l i n d r i c a l  s u r f a c e  
i s  h e a t e d  up by t h e  r a d i a t o r ,  t h e  fo l lowing  ave rage  shape  f a c t o r  

can  be o b t a i n e d  f o r  t h e  whole c y l i n d e r  s u r f a c e  A I I ~ :  
F 3  

F j 6  dA, = ( F l  s i n 6  + F2 cosd)  R rd6 

AI 1 1  

(F1 s i n 6  + F, cos6) d6 - -  - 
21T 

= F, dA"' 

NUMERICAL DETERMINATION OF THE SHAPE FACTORS 

The numer ica l  v a l u e s  of Fl , F, , and F, f o r  t h e  
a l t i t u d e s  H = 100 km above t h e  e a r t h ' s  s u r f a c e  and f o r  t h e  
a l t i t u d e  I-I = 1 1 0  km above Mars are  de termined  as f o l l o w s :  

4 8  



I 

-\I (RP + H ) 2  - Rp2  

H + R p  
R = R  P' 

And so with Equation (B-10) and (€3-11) 
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T h i s  r e l a t i o n s h i p  i s  g r a p h i c a l l y  r e p r e s e n t e d  i n  F igu re  B-1. 
For H = o , goes t o  i n f i n i t y ,  and t h e  shape f a c t o r s  a re  t h e n  

h 

F,, = 1 . 0  F,, = 0 . 5  F,, = 0 . 4 7 7  

F i g u r e  B-2 shows t h e  form f a c t o r s  r e f e r e n c e d  t o  F, f o r  any 
r ad ia to r  d i s c  size, o r  f o r  any t r u e  a l t i t u d e  above t h e  p l a n e t ' s  
s u r f a c e .  The shape f a c t o r s  F, , F, , and F,  used i n  t h i s  
r e p o r t  are l i s ted  i n  T a b l e  B-1  

THE COMPOSITE AREA RATIOS AS - AND AB - . . 
A A 

The s u r f a c e  of t h e  beam i s  s p l i t  up i n t o  v a r i o u s  segments 
acco rd ing  t o  Table  B-2 .  The formula f o r  t h e  composite area 
ratios are  f i i i a i l y  listed i n  Table 3 - 3 .  

5 0  
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A1 ti t u d e  
H [ h l  

1 0 0  

80 

110 

SHAPE FACTOR 

F1 I I F2 F3 

0 . 9 6 6  1 0 . 3 8 3  1 0 .429 

0 . 9 7 3  0 . 3 9 6  0 .434 

0 . 9 3 5  0 . 3 4 4  0 . 4 0 6  

F1 : S u r f a c e  e lement  p a r a l l e l  r a d i a t i n g  s u r f a c e  

F2 : S u r f a c e  e lement  norrnal r a d i a t i n g  s u r f a c e  

F 3  : S u r f a c e  ele-nent  of a c y l i n d e r  p a r a l l e l  t o  
t h e  r a d i a t i n g  s u r f a c e  

Table B-1:  Determina t ion  of t h e  Shape F a c t o r s  
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A s p e c t  R a  t i o  
tur 

0 

2 

20 

2 0 0  

S U R F A ~ E  AREA RATIO 

0 . 5  

0.167 

0.0238 

0 . 0 0 2 4 9  

I 

A '  ' ' /A 

0 I o  
0 .212 0 .666  

0 . 9 5 1  I 0.303 

0.317 I 0 .996  

A = 2 n r ( r + k )  t o t a l  s u r f a c e  area 

A '  - r 2  TI cross sec t iona l  area 

A '  = 2 r k  pro j ected area 

A I ' '  = 2 r n k = n A "  c y l i n d r i c a l  area 

- 

Table B-2: S u r f a c e  A r e a  R a t i o s  f o r  a C y l i n d r i c a l  
Column of V a r i o u s  A s p e c t  R a t i o  

5 2  
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AS - A '  
A A 
- - -  

T i n e  
of 

Day 

AS - A" 
A A 
- -- - 

- 
P OS I T I O N  

1 

AS - A '  - - -  
A A 

--- 
2 3 

AS - A" 
A A 

AS - A" 
A A 
- - -  

EB 
Tab le  B-3 :  D e t e r m i n a t i o n  of t h e  C o n p o s i t  

AS S u r f a c e  A r e a  R a t i o s  - and - 
A A 

5 3  
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Figure B-1 .  Radiator D i s c  Size Versus 
Altitude Above Planet 
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APPENDIX C 

A SUMMARY OF E M I S S I V I T Y  AND SOLAR 
ABSORPTIVITY COEFFICIENTS 

I NOTE TO TABLE C-1:  

I 
I 
I 
I 
I 
I 
I 
I 

Ass .c i i r ; ix j  iio convect ive zr c z n d u c t i v e  l z s s e s ,  t h e  s c l a r  
abso rp tance  of m e r i t  i s :  

- - I 
a. 

w i t h  : 

c1 t o t a l  s o l a r  abso rp tance  averaged  over  t h e  d i r e c -  
t i o n  of t h e  i r r a d i a t i o n  

c C  t o t a l  h e m i s p h e r i c a l  e rn i t tance  

B r a t i o  of i r r a d i a t i o n  G t o  t h e  b l a c k  body 
emiss ive  power o T c 4  of t h e  c o l l e c t o r  a t  
t e a p e r a t u r e  T, 
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j 3 
C.iromium ?;&:e 0. 1 mil thick on 
C. 5 mil s ic4w1 pk:e on 321 s t s in -  

i x  prockdcta 5Cl hours at 1,  100 F. I 

1 :?;is stec: exposed to JP4 sornbus t -  

, ,  ,,. 

EVALUATION OF MATERIALS FGR SOLA3 CCLLZCTOTZS 
IRRADIATED BY 442 Btu/hr ft2 FRONT A 10,000 3. 2LAX:XIAN ZADIATGX 

15 1 0 . 7 7 6  ~ 0 .1501 2 . 1 8  j 0 . 7 2 3 1  0.132 4.2: 1 0.07; 
I 

i 1 i 
I 

I ( I 
P 

~ I ! 

I 
I ! 

! I i 

~ 5 ' k  Tabo;. So:ai. CoXector Chcmical  

1 1 . 0 5 0  1.00 I 1.00 .G32 1 1.CO 1 1.00 / - 2 . S 9  ~ 

. .  Iucai B!nck D>dy 
- I------ ' 

*-. La:m.Jted from optical properties in  Table 5.1  and FiAPJre 2 .  3 . 2  w i t h  use of Equaaon (3.  i5). 

18 1 0.851 

. -- . 

Source: B A S I C  S T U D I E S  ON THE USE AND CONTROL O F  SOLAR ENERGY 
Edwards/Nelson/Roddick/Gier 
UCLA R e p o r t  60-93 Part V 

I 
I ? ! s e d  copper.  

T a b l e  C-1:  Summary of Emissivity and 
Absorptivity C o e f f i c i e n t s  

I I 
I 
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0.34  . . . .  
0.35 0.31. 

0.59 1 . . . .  

o.''s ! 0 . 7 7  
0.30 ' . . . .  
0 . 5 3  0.0'2 

. . . . . . . . 

. . . . . . . . 

. . . . . . . . 
I 

. . . .  1 . . . .  

. . . .  1 . . . .  

. . . .  1 : : : :  

. . . .  

0.18 I 0.30 
. . . .  1 . . . .  

I 

* . . .  i " . '  . . . .  

Solar 
3b.orp- 
ti vi t p 

0.14 
0.41 

0 . 4  
0.33 

0 . 4 2  
0.39 

0.59 
0.3.1 

0.49 
0.25 

0.59 
0.31 
0.43 
0.97 
0.73 
0.74 
0.13 

Source: STRUCTURAL D E S I G N  OF MISSILES AND SPACECRAFT 
L. H. Abraham 
McGraw Hill 

Table C-2: Summary of Emissivity and 
Absorptivity Coefficients 
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APPENDIX D 

DETERqINATION OF THE HEAT FILM COEFFICIENT 
h FOR A HEAT TRANSFER DUE TO FORCED 

CONVECT1 ON 

A s  s p a c e  environment ,  p o i n t s  above t h e  p l a n e t  e a r t h  and 
Mars are  chosen w i t h  t h e  a l t i t u u e s  H = 80  km and 1 0 0  km f o r  
t h e  e a r t h  and H = 1 1 0  km f o r  Mars. A d e s c e n t  v e l o c i t y  

a t  an a l t i t u d e  o f  1 0 0  km above t h e  e a r t h ' s  s u r f a c e  
r e 2 r e s e n  = 250  i s approximate ly  t h e  upger p o s s i b l e  l i m i t  f o r  subson ic  
o p e r a t i o n  o f  a h i g h  a l t i t u d e  decelerator a s  d e s c r i b e d  i n  
Reference  8. A t  8 0  km above t h e  e a r t h  t h e  a tmosphe r i c  tempera- 
t u r e  r e a c h e s  i t s  minimum and t h e  d e c e l e r a t o r  has  approximate ly  
V = 8 0  d e s c e n t  v e l o c i t y .  For Mars, t h e  a t n o s p h e r i c  model No. 
2 f o r  a mean a tmosphere is  chosen a s  d e s c r i b e d  i n  Reference  4 
( s u r f a c e  p r e s s u r e  2 5  mb, s u r f a c e  t e m p e r a t u r e  250'K). A t  an 
a l t i t u d e  1 1 0  hi above t h e  Mar t ian  s u r f a c e  t h e  a tmospher ic  d e n s i t y  
i s  t h e  same as 8 0  km above t h e  e a r t h .  

- 

The h e a t  t r a n s f e r  c o e f f i c i e n t  can g e n e r a l l y  be expres sed  as  
a f u n c t i o n  of Nusselt number 

k NUd k NuQ 
Q o r  h = d h =  

w i t h :  

d :  column d iameter  

Q :  column l e n g t h  

While t h e  the rma l  c o n d u c t i v i t y  IC of t h e  ~ E I S  i s  ci f u n c t i o n  of 
t e m p e r a t u r e  o n l y ,  t h e  N u s s e l t  number g e n e r a l l y  i s  a f u n c t i o n  of 
t h e  p a r t i c u l a r  f l ow c o n d i t i o n  and it i s  exyres sed  i n  terms of 
P r a n d t l  number and Reynolds number: 

= 0.7 Pr  = - c2- rl 
k 
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I t  i s  assumed t h a t  t h e  column moves w i t h  a v e l o c i t y  V 
v e r t i c a l l y  towards t h e  p l a n e t .  
1 7 6 ,  a c y l i n d r i c a l  t u b e  i n  laminar  p a r a l l e l  f low (column i n  
p o s i t i o n  1) has  a N u s s e l t  number (based  on column l e n q t h ) .  

According t o  r ieference 5 ,  page 

The p o s i t i o n s  2 and 3 o f  t h e  column r e p r e s e n t  t h e  c a s e  of a 
c y l i n d e r  i n  a c r o s s  f low c o n d i t i o n .  
t h e n  f o r  t h e  N u s s e l t  number (based on column d i a m e t e r ) .  

Reference  5 ,  ?age 2 4 2 ,  g i v e n  

Nu d = 0.43 + 0 . 4 8  v q  ( D - 5 )  

f o r  

Red < 4 0 0 0  

T h i s  s h o r t  a n a l y s i s  n e g l e c t s  a s p e c t  r a t i o  e f f e c t s  o f  ,he c y l i n d e r .  

Th i s  s i m p l i f i e d  a n a l y s i s  assumes 

d = R = 0 . 1  m 

The impor tance  of t h e  f o r c e d  convect ioi ,  t e r m  Se ing  modera te ,  
colunn l e n g t h s  o r  column d i a m e t e r s  l a r g e r  t h a n  0 . 1  m y i e l d  
s m a l l e r  f i l m  c o e f f i c i e n t s  h , d e c r e a s i n g  t h e  i n f l u e n c e  of t h e  
f o r c e d  convec t ion  t e r m  on t h e  e q u i l i b r i u m  t empera tu re .  
gas e f f e c t  on t h e  f low s i t u a t i o n  are  n e g l e c t e d .  

Ra re f i ed  
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A P P E N D I X  E 

P3UME R I  C A L  E X A N P L E  

Reference  8 c o n t a i n s  a d e s i g n  s t u d y  f o r  a h i g h  a l t i t u d e  
p a r a c h u t e  of 1 lb = 4 . 4 4  N t o t a l  weight .  F i g u r e  E-1  shows t h e  
concep t  of t h e  X-Srace pa rachu te .  The s q u a r e  canopy i s  deployed 
and s t i f f e n e d  by an X-shaped i n f l a t e d  b r a c i n g  system w i t h  t h e  
f o l l o w i n g  d e s i g n  c h a r a c t e r i s t i c s :  

Material : a l u n i n i z e d  Mylar 

Thickness :  A = 200 .25  n i l  e q u i v a l e n t  t o  
0 . 5  m i l  

p s  = 1.38010~ kg m3 Densi ty :  

S o l a r  A b s o r p t i v i t y :  a = 0 . 2  ( a t  a wavelength 
h = 0 . 4 8 ~ )  

E m i s s i v i t y :  E = 0 . 0 7  ( a t  a wavelength 
A l o p )  

a 
E 
- = 2.86 

Brace Length: L = 6 . 0 6  m 

The b r a c e  l e g s  a r e  des igned  t o  resist a compressive load  due  
t o  tne  aerodynamic l o a d i n g  of t h e  canopy. Th i s  l o a d  i s  r e l a t e d  
t o  t h e  weight  of t h e  whole system as f o l l o w s :  

= 0 . 6 5 5  :i W t o t  P =  
4 8  

to Le Zarried o v e r  t h e  h a l f  l e n g t h  t = 3 . 0 3  TI of t h e  b race .  For 
minimum weight  w e  assume 

k = l  

and w i t h  Equat ion  (i9): 
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w i t h  Equat ion  ( 2 0 ) :  

AR = 'TI -\T-E7 = 190.4 
0 

o r  

According t o  Equat ion  ( 1 8 )  t h e  fo l lowing  i n t e r n a l  p r e s s u r e  
i s  r e q u i r e d :  

a a  
0.825-103 7 N = 6 . 1 9  m H g  = 0.1195 [ p s i ]  ?=r-  n 

The fo l lowing  o p e r a t i n g  environment i s  chosen:  

p l a n e t  : e a r t h  

a l t i t u d e  : 1 0 0  k?? 

d e s c e n t  v e l o c i t y  : 250 2 S 

dayt ime : midday, p o s i t i o n  2 

F i g u r e  3 g i v e s  t h e  fo l lowing  e q u i l i b r i u m  t empera tu re :  

To * 145OC = 418O.K 

Accordinq t o  Reference 8 a m i n i m - u n  packinq volume h a s  t o  be 
a i n e d  a t  due t o  t h e  l i m i t e d  space  a v a i l a b l e  i n  t h e  ca r r i e r  

v e n i c l e .  If l i q u i d  n i t r o g e n  is r u l e d  o u t  f o r  t h e  p r e s e n t  a 2 2 l i -  
c a t i o n ,  t h e r e  i s  o n l y  Freon 11 l e f t  as a n  a l t e r n a t i v e .  
1 0  g i v e s  t h e n  f o r  

F i g u r e  
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T = 145OC and Pd = 6 . 1 9  mmHg ( 0 . 1 1 9 5  p s i ) :  

v = - -  - 0.00228 
vd 

T h i s  o p e r a t i n g  p o i n t  i s  w e l l  away from t h e  s a t u r a t i o n  l i r n i t  ( a t  
T = 66OC for t h e  s a m e  p r e s s u r e ) .  
needed for b o t h  c y l i n d r i c a l  b r a c e s  i s  t h e n :  

The t o t a l  amount of Freon 

0.000315 kg 

w i t h  a l i q u i d  volume t o  be  packed a t  

which i s  an almost n e g l i g i b l e  amount of t h e  t o t a l  packing volume 
i n  t h e  p a r a c h u t e  c o n t a i n e r .  
coning  t h e  braces.) 

w i t h  Equat ion  ( 2 2 )  o r  ( 2 3 ) :  

(These v a l u e s  can be reduced by 
The t o t a l  weight  o f  t h e  b r a c e  system i s  

-.. *brace  = 4 1 + A) ps 

0 RT 
- 

= 0 . 1 7 9  N 

o r  4 %  of t h e  t o t a l  weight  of t h e  whole system. 

I 
I 
I 
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F i g u r e  E-1:  The X - B r a c e  P a r a c h u t e  
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